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Abstract 

39314 
This final report describes the development programs init iated to  meet the device 
requirements of high voltage - high current switching at turn-off gains and power 
switching levels not obtainable from existing commercial devices. The theory of 
gate control switch design i s  discussed, and a summary of three project programs 
i s  given: (1) Life time control, (2) Geometry effects, (3) Diffusion technology. 
Device fabrication and evaluation techniques are described with the device ex- 
perimental data and results. The conclusions of the development program based 
upon the results obtained complete the report. 

vii 



Narrative and Data 

Theoreti cal Consideration 

1 .OO Si1  icon control led rectifiers have experienced considerable improvement since 
their relatively recent beginning. Papers giving theoretical relationships of 
the four layer P N P N  to  the more familiar transistor have resulted i n  a fairly 
thorough understanding of the basic mechanisms of  control led rectifier opera- 
tion. These devices have the characteristic common to the gas tube thyratron 
in their failure to be able to alter the anode current with the control element 
after the current has been initiated. Silicon controlled rectifiers with gate 
turn-off gain are therefore desirable, and devices capable of relatively low 
power applications are just becoming available commercially. Gate turn-off 
controlled rectifiers capable of high current operation turning off into a high 
voltage source are described i n  the report. These devices wi l l  be referred to 
as "Gate Control led Switches" for the remainder of the report. 

1.10 Figure 1 shows the P N P N  four layer configuration for controlled rectifiers along 
with the equivalent two transistor structure. When a positive potential i s  applied 
to the P-emitter, or anode of the device, with respect t o  the N-emitter, or 
cathode of the device, junctions J1 and J3 are forward biased and the center 
P-base - N-base junction (J2) is reversed biased. 

Neglecting the surface leakage of the junction J2, the saturation leakage of 
the device may be obtained by assuming currents i n  the two transistor equivalent 
and solving for the saturation leakage current. The total external forward current 
i n  terms of the saturation leakage and the individual transistor current gains 

( ~ N P N  and a PNP) i s  given in Equation 1.11. 

1 . 1 1  

IF = external forward device current 

I = device gate current 
9 

I = saturation leakage current 

MN = multiplication factor associated with electrons 

M = multiplication factor associated with holes 

S 

P 
= current gain associated with the NPN transistor 

= current gain associated wi th  the P N P  transistor 
(INPN 

a P N P  

1 



As the positive anode potential i s  increased, the device reaches a voltage where 
the multiplication factors become the determining quantities. 
M. Tanenbaum, J .  M. Goldey and N. Holonyak (1)  show that Equation 1.12 
i s  an identity at  the point of breakover. 

J. L.  Mole, 

MN ‘ N P N + ~ P  ‘ P N P =  1.12 

Very l i t t le  error i s  introduced i n  the analysis i f  the electron and hole multipli- 
cation factors are assumed equal. 

1 

=NPN+ a P N P  
M =  1.13 

The multiplication process i s  a function of applied voltage, but the relative 
number of minority carriers available for the multiplication process i s  a func- 
tion of current. The relationship of the applied voltage to the avalanche charac- 
teristics of the device i s  given i n  Equation 1.14 

e 
1.14 

V = positive device anode voltage f 
V = device breakover characteristics b 
n = constant equal to  2 to  3 for silicon 

By substitution, Equation 1.15 shows the relationship of the multiplication factors 
to the applied voltage. 

1.15 

When the device voltage (Vf) i s  zero, M approaches unity. When the device 
voltage increases to the device breakover value (vb), M approaches infinity. 
The normal Vf of a device in  the conducting state i s  small compared to  the 
device breakover voltage (Vb) and therefore M i s  assumed to be unity. Since 
the saturation leakage (I,) i s  insignificant compared to the device conduction 
current, Equation 1 . 1 1  reduces to  Equation 1.16 during the device conduction 
interval. 

2 
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I .20 

1.30 

NPN 'g 
a 

I =  ' - (  ~ N P N  + OPNP) 

- If 
Boff - -I 

9 

- a NPN 

NPN' a P N P  - Boff - a 

1.16 

1.17 

1.18 

The gate turn-off gain (Boff) i s  defined in Equation 1.17 and Equation 1.18 gives 
an expression of the device turn-off gain i n  terms of the equivalent transistor 
current gains w i th  the device i n  the conducting state. When the device voltage 
(Vf) increases, during the turn-off interval, to a value approaching the device 
breakover characteristic (Vb), Equation 1.18 w i l l  be altered by the increasing 
multiplication factors (M) affecting the (M s)  product terms of Equation 1.1 1. 

The turn-off gain predicted i n  Equation 1.18 indicates two conditions must be 
met to achieve the maximum gain i n  a PNPN gate controlled switch. The 

p ~ p  must be slightly 
greater than unity at the operating anode current level as shown i n  Figure 2. 
This relationship requires a device design that permits control of the equivalent 
transistor 

a NPN must be high, and the sum of the a NPN and 

a's at high anode current levels. 

The current gain of a transistor i s  composed of the product of the emitter efficiency 
( T ) and the base transport factor ( a ) .  W. M. Webster (2) shows a term for emitter 
efficiency affecting P N P  transistor current gain i n  Equation 1.31. 

pe 'e 

P u b  
A D  

Z =  

u 

n e  
W = base thickness 

L 
e 

1 = emitter current 
e 

= conductivity of base . 

= conductivity of emitter 

= electron diffusion length in emitter 

1.31 

1.32 
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1 .  

A = emitter area 

D = hole diffusion coefficient 

“e 

P 
= electron mobil ity 

Chih-Tang-Sah, R .  N. Noyce and W. Shockley (3) report carrier recombination 
plays the dominant role i n  the determination of the emitter efficiency of forward 
biased junctions at low current level. The portion of the emitter current due to 
this mechanism consists of carrier recombination i n  the space charge region and 
thus i s  not available for transistor action. As the current i s  increased, the 
diffusion current dominates and the increased injected charge causes a smal I 
f ield to develop i n  the base region which aids the flow of injected carriers from 
emitter to  collector. At high injection levels, the conductivity of the base 
region i s  increased and the volume recombination i s  increased resulting i n  a 
relative decrease in  the emitter efficiency shown in  Equation 1.31 and 1.32. 
The material lifetime becomes important i n  the determination of the low current 
emitter efficiency because of its effect on carrier recombination. Normally the 

i s  high compared to  the injected carrier density and impurity concentration of the 
base. 

can be assumed to be equal to unity i f  the impurity concentration of the emitter 

,40 The transport factor ( 8 )  i s  primarily a function of the width of the base region 
and the material l i fe  time. Both base regions in  a PNPN structure are conductivity 
modulated at high currents, and wide bases, high resistivity material necessary for 
high voltage devices contribute to an increasing 8 with increasing current. 
Geometry advantages may exist at high current densities due to base de-biasing 
effects allowing some control of the high current transport factor with various 
base structures. 

1.50 The previous discussion has been concerned with an analysis of the design problems 
affecting transistor current gain at both low and high current levels. The increase 
in  transistor Q with current i s  partially due to recombination centers becoming 
saturated at high injection levels. This causes an effective increase in  the de- 
vice lifetime and therefore an effective increase in  a . The equations given 
can be adapted for the equivalent NPN and P N P  transistors, but the form pre- 
sented in this analysis refers directly to the P N P  structure. Normally the high 
current NPN a does not increase much with current since its low current value 
i s  close to unity and the impurity concentration of the P-base i s  high. The a 
of either equivalent transistor structure can be limited by increasing the ratio of 
base width to diffusion length. An analysis of the effects of high current on the 
P N P  a shows that the P N P  a can approach a reduced l imit for wide N-base 
widths. This requires the assumption that recombination varies I inearly with excess 
minority carrier concentration in  the base region, and that l i fe  time and diffusion 
length are independent of injection level. 

I 
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1.60 By examining the factors affecting the equivalent ,\IPN and PNP transistor 
current gains, changes can be made in the composite PNPN design to 
optimize the device gate turn-off gain. The basic requirement for PNPN 
regeneration i n  order to maintain anode conduction i s  obtained from 
Equation 1.12. This shows that the sum of a NPN + a p ~ p =  1 for 
sustaining conduction. This point i s  related to the value of anode current 
lh shown in Figures 2 and 3. Therefore at any anode current level greater 
than lh, the sum of a NPN + a p ~ p  > 1 and the a sum must be reduced 
below unity i n  order to achieve turn-off. The relationship of the gate con- 
trolled switch Boff to the equivalent transistor 
and methods for controlling these alphas at high currents are discussed in the 
design requirements. 

a 's i s  given i n  Equation 1.18 

Design Requirements 

2.00 The previous discussion on the theory of  gate controlled switch operation 
pointed out three basic requirements for optimum Boff characteristics. 

1) aNpN should be high 

2) 

3) 

a pNp should be low 

aNpN + a PNP should be slightly greater than unity at the 
anode load current value 

The Boff characteristics are emphasized in  the design stage because no previous 
experience i s  available concerning high current-high gain gate control led 
switches. However, three additional requirements are specified. 

1) Voltage requirement 

Bvf  > 500 volts 

B > 500 volts 
vr 

2) Current requirement 

I = 10 amps f 

3) Switching speed requirement 

- 3 ps at 500 volts and 10 amps 

P 
'off 

'off w 
5 5 ps at 500 volts and 10 amps 

The device structures necessary to optimize each individual requirement are not 
compatible with each other and considerable compromise i s  indicated. 

5 



2.10 The operating voltage specified requires a high resistivity N-base material 
to ensure adequate breakover characteristics. The theoretical discussion on 
multiplication factors indicated the differential between the operating voltage 
and the device breakover voltage should be maximum in order to maintain the 
gain characteristics with high voltage switching operation. The high resistivity 
N-base w i l l  also increase the 
limitation on the Boff characteristics at high anode currents. The N-base 
width necessary to prevent a base voltage punch-through problem must be 
calculated from the maximum N-base resistivity specified. While some de- 
pletion layer movement w i l l  occur i n  the P-base region, this distance i s  
normally minimum for effective conductivities ( u ) greater than about 8.0 
ohm-cm-'. The minimum values calculated for the two base widths w i l l  be 
part of the determining factor for minimizing the device switching speed. 

a of the P N P  structure which i s  an additional 

2.20 

2.30 

The device current requirement determines the minimum cathode area of the 
device. The minimum area for normal operation at 10 amps i s  calculated to 
be about 125 x 10-4 in2. The actual base areas w i l l  be determined by the 
device geometry, but base de-biasing effects can become important for large 
area base regions. The design current limits the minimum package require- 
ments, but the gate turn-off power and anode switching power subjects the 
device to additional power dissipation during switching operation. 
9/16" stud package was chosen to meet the power dissipation requirements. 

The 

The switching speed specified at the high voltage and high current level 
represents a considerable improvement i n  the relative speed capabilities of 
existing devices. 
optimizing a l l  parameters, but control of the device lifetime wi l l  be necessary 
to  meet the desired speed. The optimum turn-on lifetime requirement i s  just 
opposite to the optimum turn-off l i fe time requirement. Therefore effort 
should be made to preserve the lifetime in  the P-base while controlling a 
reduction of lifetime in  the N-base. The P-base region i s  a fairly high con- 
centration diffused layer and lifetime wi l l  necessarily be poor, but any 
lifetime remaining wi l l  be advantageous to preserve. An additional benefit 
can be obtained from the high Boff characteristics i n  reducing the device 
storage time (tJ. As carriers are withdrawn from the P-base region during 
the turn-off interval, the storage time can be reduced affecting a reduction 
i n  the device turn-off time. Therefore for a specified reverse gate current 
during switching operation, a device with high Boff wi l l  have an effective 
increase in  the amount of carriers withdrawn in  relation to the minimum 
current required to turn-off the device. A compromise must be reached 
between the maximum N-base width required for high Boff and the minimum 
N-base width required for optimum switching speeds. 

It i s  recognized that compromises wi l l  be necessary for 

2.40 A minimum turn-off gain of 20 i s  specified at the anode conditions of 500 
volts and 10 amperes. Considerable discussion has indicated the desirable 

6 



a relationships necessary to achieve this goal. Almost every device variable 
discussed has an effect on the turn-off gain of the structure. The device 
geometry itself has an effect on Boff through relative shifts i n  the current 
density pattern resulting i n  changes in the conductivity modulation of the 
base regions. AI I of the compromises necessary prompted considerable work 
to be expanded on investigating methods for controlling high current alpha 
structures. 

Project Programs 

3.00 The theoretical evaluation of the requirements necessary for control of high 
power gate controlled switch parameters resulted in outlining a three part 
program. 

1) Lifetime Control Methods 

2) Device Geometry Effects 

3) Diffusion Technology 

The first two parts of the program were aimed at acquiring basic information 
to allow control of high current alpha structures and optimize device switching 
speeds. The third part of the program was aimed at learning basic diffusion 
effects on the dynamic switching characteristics, the device power switching 
capabilities, and the anode saturation characteristics. 

Lifetime Control 

3.10 

3.11 

Investigation of lifetime control methods was reduced to two probable selections 
because of the minimum t ime available for extensive basic development work. 
Temperature quenching methods and gold doping techniques seemed to present 
the most logical solutions to the problem. 

When a semiconductor material i s  heated to some uniform equilibrium tempera- 
ture and then subjected to a rapid decrease in the equilibrium temperature, a 
degradation of the material lifetime w i l l  result. The decrease in the material 
lifetime i s  proportional to the rate of the decrease in  quenching temperature. 
This method of selective lifetime control was recognized as a possible solution 
to the gate controlled switch Boff and switching speed problems. The lifetime 
degradation occurred throughout the entire structure when the rate of tempera- 
ture decrease was uniform throughout the structure. It was discussed before 
why i t  was desirable to maintain the lifetime ( T 1 and a i n  the NPN structure 
while decreasing the T and a i n  the PNP structure. Therefore, an effort 
was made to  develop a process where the material could be subjected to a non- 
uniform quenching rate throughout the layers. The P N P  structure was designed 
to have the higher quenching rate while the NPN structure was being quenched 

7 



3 .  12 

at a reduced rate. Figure 4 shows the physical layout of the apparatus 
described. The material was loaded on a large thick piece o f  quartz with 
the P-emitter layer up. The quartz boat was connected to a screw transport 
with a long quartz rod. When the motor connected to the screw transport 
was started, the quartz boat with the semiconductor material could be moved 
from the high temperature furnace to a l iquid nitrogen cooled helium mani- 
fold. By controlling the speed of the transport screw, the rate of the quench- 
ing action could be varied to  a maximum speed of 4 sec withdrawal time from 
the furnace heat zone to the cooling manifold. The NPN structure was 
adjacent to a very good heat sink and therefore experienced very slow tem- 
perature changes. The P N P  structure was positioned up i n  the quartz boat 
and during the quenching process was moved directly into the path of the 
cooling medium from the manifold. This combination action was believed 
to produce a norruniform quenching rate desirable for the gate controlled 
switch device. Data was needed to determine i f  the quenching was non- 
uniform in  i t s  action, and the relative turn-on and turn-off time were chosen 
to provide this information. A summary of the results of this experiment i s  
shown in Figure 5. A control run was included with four other groups of 
devices at various increasing quenching rates. 

A comparison of the turn-on times showed almost no change from the control 
run to  the most severe quenching rate. A comparison of the turn-off times 
showed a considerable decrease in  the turn-off times above a quenching 
temperature of 1000°C. The Boff shows a general upward trend with increas- 
ing quench rate, and the device holding currents show a considerable increase 
from the control run value. The results could be interpreted to mean that the 

T i n  the NPN structure was already so low because of the P-base region being 
a relatively high concentration diffused layer, that no additional change in  
the P-base T was possible. To check this possibility additional quenching runs 
were made with uniform quenching rates. The average device turn-on time 
was about 1.25 times the turn-on time of the previous quenching series, and 
the device Boff was reduced. Both of these results indicate that nowuniform 
quenching rates are being achieved and a considerable improvementis possible 
i n  the device Boff and the turn-off times. 
quenching series made showed a marked decrease in  the breakover charac- 
teristics of the device. The amount of degradation was found to  be proportional 
to the rate of the quenching experienced. This result i s  explained by atomic 
dislocations and stresses being set up by the severe quenching rates used for 
the experimental runs. 

However, the results of every 

The conclusions reached from the experimental data was that nowuniform l i fe-  
time control was possible. The device Boff a t d  the switchingspeeds could be 
improved considerably, but the disadvantage of degradation of the breakover 
characteristics was too severe to make the method practical . 

8 



3.13 

3.14 

3.15 

3.16 

Gold doping expeiiments were started cn  bulk N-type material. The lifetime 
and P of the sample was measured and then Au was evaporated and diffused 
on the sample. The lifetime and P was measured again to determine the 
effects of  gold diffusion and i t s  effective penetration on N-type material. 
The actual Au diffusion constant reported by other groups (4) (5) were i n  
disagreement and therefore some basic information was required to ensure 
lifetime control i n  the N-base region. 

High concentration Au sources develop high P -layers when diffused into 
bulk material. These high P -layers appear to  be skin effects and penetrate 
about 0.2 mils or less into the bulk material. The actual P of the skin layer 
i s  dependent upon the gold diffusion time and temperatures. When diffusion 
times are increased at  a constant diffusion temperature, the maximum P of 
the skin layer w i l l  increase. Some typical samples showed an increase from 
3.6 R cm to 11 .O R cm for a 10 min at 820°C diffusion. A similar sample 
showed an increase from 4.5 R cm to 59 S2 cm for a 30 min at 820°C diffusion. 

Lifetime measurements on N-type bulk material showed an apparent reduction 
i n  i i iei ime wiih very i i i i !e  regard io  the diffusiwri i i r r i e s  arid ieiiipeiaiuiej above 
a minimum value. Because of this result a series was started to  determine i f  
the lifetime degradation might be due to  the heat treatment of the samples 
even though considerable care was taken to ensure slow cooling conditions. 
The samples were heat treated with no Au present i n  a furnace for 2 hours at 
1200°C. The material was then furnace cooled and lifetime measurements 
were taken on a l l  samples. The starting range of lifetime was considerable 
( ~ 5 7 - 3 5 2  ps), and the final lifetime readings were a l l  degraded to  about the 
same value of 30 ps. The same samples were run through additional cycles 
described above to  ensure the change i n  lifetime due to a heat treatment was 
not a continuing degradation - no additional changes i n  lifetime were noted. 

It was recognized that lifetime control i n  bulk material due to Au doping 
techniques didn't necessarily reflect the results that would be achieved i n  
multilayer structures. The measurements of PNPN Au doping series indicated 
three significant results. The device holding current and saturation voltage 
at  high current increased with increasing Au diffusion times and temperature. 
The Igt(off) values decreased for constant load currents when the Au diffusion 
times and temperatures were increased. The previous I ifetime measurements 
didn't support a continued change i n  0 off due to lifetime changes so measure- 
ments were made to determine the effects of Au diffusions on the impurity 
density of  the N-base region. The results were obtained from a computer pro- 
gram designed to calculate the impurity distribution from capacitance - voltage 
measurements (6). Figure 6 shows the impurity density plotted with the total 
P-base N-base junction depletion layer widths on four runs of 10-12 S2 cm 
material using four different Au diffusion temperatures. Even though the dis- 
tance shown on the graph i s  the total depletion layer width, i t  represents 
very nearly the distance i n  the N-base since the P-base concentration i s  fairly 
high compared to  the N-base concentration. The results shown on the graph 
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can be directly related to the Au diffusion temperatures with the highest Au 
diffusion temperature corresponding to the lowest impurity density. The anode 
saturation characteristics are partially dependent upon the impurity density of 
the base, and the device surge characteristics can almost be predicted from 
the graph. The high impurity density device had surge currents greater than 
75 amperes at 2 volts drop, and the low impurity density device had surge 
currents around 15 amperes at 2 volts drop. 

3.17 The results discussed allowed the selection of an Au diffusion time and tempera- 
ture dependent upon the device diffusion structure. The use of a gold doping 
technique provided a method of controlling the device lifetime and P-emitter 
efficiency. Neither one of the two parameters could be optimized due to the 
detrimental effects on other parameters, but a method was available to reach 
the optimum compromise with the other parameters. 

Geometry Effects 

3.20 Two geometry patterns are shown in  Figures 7 and 8. Figure 7 shows an inter- 
digitated geometry with a diffused base region surrounding the N-emitter 
region. This geometry was investigated to determine i f  any advantage existed 
over a concentric geometry because of the differences in  the current density 
pattern affecting the base-conductivity modulation. Several runs were made 
with identical diffusions comparing the E-pattern and the ring-gate concentric 
pattern. Very l i t t le  difference i n  the devices switching speed and Boff charac- 
teristics could be detected. However, there was invariably a lower anode 
breakover characteristics on the E-pattern devices compared to  the ring-gate 
concentric devices. This  was attributed to the presence of sharp corners on 
the square configuration together with the fact that the E-pattern was a 
scribed wafer rather than a cavitroned wafer. Another difference that was 
measured was the increased Vgt(off) existing on the E-pattern devices. This 
could be explained partially by the increased distance involved from the 
gate area on the corner of the device to the cathode. 

3.21 The concentric pattern was chosen in  preference to the E-pattern, and in i t ia l ly  
devices with ring-gate configuration, shown i n  Figure 9,  were measured. These 
devices exhibited satisfactory performance until measurements began on high 
voltage operation. A l l  of the ring-gate concentric devices had a maximum 
power at which switching operation could be achieved without permanently 
degrading the device. The switching voltage limit was below the device break- 
over characteristics, and the current l imit was well within the switching capa- 
bil i t ies of the device at lower voltages. Investigation of the mode of failure 

area. This result i s  shown in  Figure 10. The hole i s  about 5 mils i n  diameter. 
The cause of  the holes was determined to be the same problem existing i n  power 
transistors operating i n  sweep applications. The device current goes through a 
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I 

I 

I 

found holes of various sizes i n  the geometric center of the N-emitter cathode I 



3.22 

turn-off interval where the external gate source i s  forcing the device to 
turn-off transversely across the P-base layer. This results i n  the anode 
current being forced down to a finite area of conduction just prior to  the 
instant of complete turn-off. When a ring-gate concentric geometry i s  used, 
this f ini te area becomes a point i n  the geometric center of the cathode area 
and the current densities i n  that point became tremendous. The high current 
densities cause very high temperature spikes and the material structure i s  
ultimately destroyed. 

The parallel-gate concentric geometry shown in Figures 8 and 11 was designed 
to  minimize this effect. The two P-base gate regions are connected together 
to  form a single gate terminal. This geometry does not solve the basic problem, 
but i t  does allow the turn-off area to be increased considerably since the finite 
area w i l l  now be a ring rather than a point. The actual comparison of the 
power switching capabilities of the two structures resulted i n  a marked increase 
i n  the power switching levels possible with the para1 le1 -gate concentric 
geometry. 

I Diffusion Technology 

I 3.30 The diffusion process designed to achieve the theoretical structure discussed 
under theoretical considerations i s  subject to several practical compromises. 
The device Boff characteristics cannot be optimized without sacrificing the 
anode voltage capabilities and the turn-off switching speed. While the Au 
doping studies provided a method of decreasing the compromise necessary , the 
anode saturation characteristics became a limiting factor for large Au doping 
levels. The Au doping effect on the impurity concentration i n  the N-base was 
discussed, and this effectively limits the minimum emitter efficiency of the 
P-emitter. A typical anode saturation characteristic i s  shown i n  Figure 12. 
The current magnitude of the knee of the characteristic i s  related to  the emitter 
efficiency of either the P-emitter, N-emitter or both emitter efficiencies. 
While the emitter efficiencies can control the alpha structure; the N-base 
width itself can l i m i t  the maximum alpha value by an increase in  the ratio of 
base width to diffusion length as described previously. As the N-base width 
i s  increased in  order to increase the high current Boff of the device, the turn- 
off switching speed i s  also increased. 
value of N-base width necessary to achieve the anode voltage characteristics 
specified would not allow the device to turn-off in the desired switching time 
interval without a severe limitation on the base lifetime. The base l i fet ime 
can be controlled over fairly broad limits, but a minimum value exists due 
to the requirement of the composite alpha sum being greater than unity to 
achieve the regenerative action for maintaining conduction 
an additional compromise necessary for high voltage, high speed operation. 

It was determined that the minimum 

This represented 
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3.31 The entire diffusion design i s  based upon the control of the composite DC alpha 
structures. The normal device has no connection to the N-base layer for meas- 
urement of the individual DC P N P  and NPN alphas, and i t  i s  believed that 
four terminal measurements made in  this manner give erroneous results due to 
current density crowding i n  the region of the contact. A method was adopted 
where AC alpha measurements can be made with the existing three terminals 
and then converted to  DC alpha values (7). This method makes use of the 
normal difference in  the cut-off frequencies between the NPN and the P N P  
structures. A plot similar to  Figure 13 i s  obtained showing the relationship 
of the device frequency characteristics to the composite AC alpha. The upper 
frequencies can be related directly to the NPN AC alpha, and the lower 
frequencies can be related to the AC alpha sum. When the AC alphas are 
plotted to  the individual transistor collector currents, the DC alphas can be 
obtained by two separate mathematical integrations. The DC alpha configura- 
tions of two devices from different experimental runs are shown in  Figures 14 
and 15. The holding currents can be predicted from the point that the a sum 
crosses the unity value even though there i s  a considerable difference i n  the 
holding current value of the two devices. The relative Boff of the two devices 
can be determined by measuring the slope of the a sum curve above the value 
of unity alpha. The higher the slope of the a sum curve, the lower the Boff 
of the device at high currents. These curves can be compared to the ideal 
case shown in  Figure 2. A comparison of the curves for Figure 14 shows a 
reversal of the relative NPN and P N P  alpha structures indicated i n  the ideal 
configuration. This i s  caused by a higher P N P  lifetime, and the result i s  a 
lower Boff and a higher turn-off switching speed. The device shown i n  
Figure 15 i s  closer to the ideal structure, but the device had a lower power 
switching capability. Figure 15 exhibited improved Boff and turn-off switch- 
ing speed as the curves would predict. The actual currents plotted are i n  the 
region of the holding currents to show the accuracy of the system, but measure- 
ments at higher currents approach alpha values just slightly above the maximum 
alpha plotted. 

3.32 The resultant diffused device i s  necessarily a compromise between the anode 
voltage capability, the turn-off gain, and the turn-off switching speed. The 
optimum compromise of the turn-off gain characteristics resulted in  a Boff and 
anode current relationship shown in  Figure 16. 
anode currents of 20 amperes have been observed, but the related parameters 
discussed above were not acceptable. 

Devices with Boff = 100 at 

1 
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3.33 The dynamic switching characteristics of the gate controlled switch i s  very 
important in the determination of the turn-off power gain and the maximum 
power switching capability of the device. The switching dynamic impedance 
of the device i s  illustrated i n  Figure 17. The curve i s  a typical characteristic 
of the device gate - cathode dynamic impedance during the switching interval. 
A sine wave voltaye i s  connected to the gate to cathode terminals, and the 
anode current i s  supplied from a DC source. The device i s  turned on i n  the 
positive half cycle sine wave input, and the gate-cathode voltage and current 
relationships are observed as the applied sine wave input starts negative. The 
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slope of the gate-cathode vdtage-current curse during the reverse gate bias 
and prior to turn-off i s  defined as the switching dynamic impedance. A re- 
duction i n  the magnitude of the slope of this curve allows a reduction i n  the 
input power required to turn-off the device. The abi l i ty of the device to 
switch high power anode levels i s  also related to this parameter. As the 
switching dynamic impedance i s  reduced, the power switching capability 
of the device i s  increased. The control of the dynamic switching impedance 
i s  achieved through control of the P-base and N-emitter concentrations. By 
l imiting the N-emitter concentrations the dynamic impedance may be reduced, 
but a compromise must be made with the anode saturation characteristics and 
the device Boff. The NPN DC alpha curve of Figure 14 shows the effect of a 
reduction i n  the N-emitter efficiency on the NPN alpha to achieve good 
dynamic impedance characteristics. 

3.34 The anode switching characteristics are a result of the control of the device 
base widths and lifetimes. The switching speed specification required a turn- 
off time of 3 ps with an anode condition of 500 volts and 10 amperes. The 
device turn-on time was not specified but an effort was made to maintain 
reasonabie turn-on times in reiaiion i o  ihe device tuiii-off times. By detieas- 
ing the N-base width, the turn-off time may be reduced, but a minimum width 
exists because of the high voltage depletion layer movement i n  the N-base. 
As the applied voltage i s  increased during switching operation, the depletion 
layer width i s  increased and this results in an increased turn-off switching 
speed. The variation in the anode voltage wi th  turn-off time at a constant 
anode current i s  shown i n  Figure 18. This curve shows the optimum compromise 
obtained without severely l imiting the other parameters required. The anode 
current relationship to the turn-off switching speed at a constant anode voltage 
i s  shown in Figure 19. A decrease in  the base lifetimes wi l l  decrease the 
switching speeds shown in  Figure 19, but a minimum value exists before the 
anode saturation voltage and the turn-on switching speed became unacceptable. 
The switching speed values shown on both of these curves can be altered by 
changing the gate drive current (Igr) in relation to the minimum gate current 
lgt(off) required to  turn the device off at the stated anode conditions. The 
relationship of the ratio of Igr/lgt(off) t o  the turn-off switching speed i s  shown 
in  Figure 20. The dominant change in switching speed due to  a change in the 
gate drive ratio i s  shown to be a change in  the device storage time. The 
storage time interval can become almost as long as the input pulse width for 
ratios approaching unity. While the optimum ratio for operation with 10 amps 
anode current appears to be a ratio of around 3, the optimum ratio i s  decreased 
with reduced anode current values. 

Device Fabrication 

4.00 The fabrication flow chart shown in  Figure 21 gives a step by step description 
of the process developed. The slices are cleaned in i t ia l ly  and a Gallium 
diffusion i s  made from both sides of N-type parent material. An alignment 
pattern shown in  Figure 22 i s  put on the diffused slice to  allow successive 
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registration of the patterns. After the P-emitter diffusion, the N-emitter 
pattern shown in  Figure 23 i s  put on the slice and the emitter diffusion made. 
After the Au doping step, the plating mask (Figure 24) i s  put on the diffused 
material and nickel plated. The slices are then mounted and aligned for the 
cavitron step using the i i g  shown in  Figure 25. After cavitroning, the indi- 
vidual wafer shown i n  Figure 26 i s  cleaned and mounted on a silver disc. The 
soldered device i s  shown in Figure 27. The completed cel l  i s  then etched, 
cleaned and surface protection applied. After a curing step i s  complete, the 
cel l  i s  mounted on the stud and canned and crimped. The leads are welded 
and the finished package outline i s  shown in Figure 28. The device i s  final 
tested, plated and symbolized as shown in  Figure 29. 

Evaluation Results and Test Equipment 

5 .OO The device evaluation measurements were made on existing test equipment 
with the exception of  the power switching speed measurements. This equip- 
ment i s  pictured i n  Figure 30 and the schematic shown in  Figure 31. The 
equipment was used for evaluation measurements during the development 
stages and characterization of the final design. The device power switching 
rating was established at 400 volts anode voltage and 10 amperes anode 
current. This gives a possible turn-off power gain control equal to: 

X I  
'anode anode - - 400x l o  = 20,000 

0.5 x 0.400 G =  
pwr 'gt(0ff) Igt(0ff) 

The devices characterized had an average teff time of 6.5 ps with a minimum 
turn-off time of 3.9 ps observed. The turn-on time averaged 3.0 ps with a 
minimum turn-on time of 0.40 ps observed. A l l  of the switching measurements 
were made with anode conditions of 400 volts and 10 amperes. Figure 32 
shows an oscilloscope picture of a device turning on 400 volts to 10 amperes. 
Figure 33 shows the turn-off time with the same anode Conditions. Both pictures 
have the gate current characteristics superimposed on the anode characteristics. 

5.10 The device Boff characteristics are obtained i n  the test equipment shown i n  
Figure 35. The anode source i s  a high current DC power supply, and the gate 
source i s  a variable AC voltage. The device i s  turned on and off at  a 60 cps 
rate, and the gate voltage-current relatioiiship i s  observed on an oscilloscope. 
A typical gate characteristic i s  shown in  Figure 34. The vertical scale i s  
instantaneous gate voltage, and the horizontal scale i s  instantaneous gate 
current. The low dynamic impedance i s  noted where the device turns off with 
a AVg ty f f )  less than the gate-cathode potential due to the conduction current. 
This resu t s  i n  an instantaneous positive gate-cathode potential at the point of 
turn-off. 
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5.20 

5.30 

5 -40 

The thermal impedance of the device was measured on the equipment pictured 
i n  Figure 36. The maximum junction temperature following the conduction 
period was investigated i n  order to determine the maximum thermal impedance 
value. The device i s  required to regain its blocking characteristics within 
the turn-off time of the anode, therefore the junction temperature must not 
be allowed to exceed its maximum blocking values. The maximum thermal 
impedance of the device was found to be 3.0°C/watt. The maximum junc- 
tion temperature of the device i s  125°C. Since the reverse gate current i s  
required to be applied during the turn-off switching interval , the maximum 
total power dissipation of the device i s  rated at 20 watts for o stud tempera- 
ture of 65°C. The total power includes the sum of the product of the DC 
switching current and the saturation voltage plus the average product of the 
actual gate reverse current and gate reverse voltage. This requirement means 
as the operating frequency i s  increased and the reverse gate power becomes 
significant, the operating stud temperature should be decreased by additional 
heat sink area. 

The high voltage-low current anode measurements are made on equipment 
s;io-wii ifi Figure 37. I I I G  cC(";plld L U l l 3 1 3 1 ~  "f Y a,#y!G \."a .- l l U C I l  "..VU\. 

circuit and a variable DC gate source for measuring gate saturation currents 
and voltages. The schematic for this test set i s  shown in Figure 38. The anode 
single cycle surge measurements were made on the equipment shown in Figure 39. 
This test set provides adjustable anode currents, and the instantaneous device 
voltage drop i s  measured on an oscilloscope. 

TL- --...---- e..-.- E.&- .. m ,:,, - C.IC,. n ,mrnr nnr.rln 

Figure 40 shows a summary of the final test parameters recorded on the 45 devices 
delivered to  George C. Marshall Space Flight Center for completion of the 
contract. 
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Conciusions 

The contract specifications called for voltage, gain and speed requirements 
beyond any device capability presently available. Results from experimental 
runs indicated the feasibility of the individual contract parameters, however 
the final device design represented a compromise since some of these param- 
eters could only be met at the expense of others. The 400 volt - 10 ampere 
switching device presented here i s  the best compromise available without severe 
I imitations on the remaining parameters. The f i f ty prototype devices delivered 
to  NASA are capable of switching 400 volt - 10 ampere DC loads with a typical 
Boff of 25 at 10 amps. 
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PNPN ALPHA CONFIGURATION 

1.2- 
I I 

sum I I 
I I 

ANODE E l  CHARACTERISTICS 

'h 
Anode Current - ma 

FIGURE 3 

18 



L I 

v) 
3 
L 

4 4  
19 



u) 
I 

- 1  

20 



3.5 

3.0 

31: 
L . b J  

3 
0 

X 
c 

x c .- 
2 
0" 2.0 
c 
L 
.- 
3 

- 
I 
i! 1.5 

1.0 

.5 

0 

DEPLETION LAYER 
IMPURiTY DiSTRl BUTiON 

3.9 4.2 
X, - Depletion Layer Width - mils 

FIG. 6 

21 



-w- 

l i  

L 
9 
1 

0 - 

t, 
2 
Z 
0 
U 

PP 
I 

\ 0) 

7f- 

In 
c 

“i c 

0 
u> m 
“i- 

3 
c 

u) 

2 

22 



CONCENTRIC PARALLEL GATE MASKS 
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RING GATE DEVICE STRUCTURE 

FIG. 9 

POWER SWITCHING MATERIAL DAMAGE 

FIG. 10 
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TYPICAL TURN -OFF SWITCHING CHARACTERISTICS 
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COMPLETED DEVICE 
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POWER SWITCHING TEST SET 

FIG. 30 

41 



1 



G.C.S. TURN-OFF TIME 

FIG. 33 
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THERMAL IMPEDANCE EQUIPMENT 
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PNPN C U R V E  TRACER TEST SET 

FIG. 37 

46  



i 

L . .T  I 

-- 0 - -  
I I 

47 



48 

I- 
W 
v, 
I- cn 
W 
I- 

4 
cn 

Q 

z 
z a 
a 
a 
'a I 
!n 
N 



49 



1 -1 
P 
* I  
C 
0 
V 

0 
' ; t i  

-1 

(3 - 
U' 

- :  

50 

I i i i i i i  " i i i i i i i i i i  I I  

NASA-Langley, 

-t 

! 

- 
i 
I 
i 

A- 
I 

I 

1964 CR-94 


